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Abstract 
  This paper we provide a tractable system for 2-tier users, wearable device terminals 
(WTDs) that in tier 2 and under the control of tier 1 relay users. Tier 1 user works as 
two kinds of relay, full-duplex relay and the harvest then transmit relay to charge the 
WTDs on the downlink (DL) directly based on the technology of wireless power 
transfer (WPT), then helps WTDs to transmit the information on the uplink (UL). 2-tier 
of users and picocell base stations (BS) are randomly distributed based on 
homogeneous poison point process (HPPP). We only considered the user association 
between the tier 1 users and the picocell BSs that tier 1 users always connected to the 
closest BS on UL since WTDs tier 2 users are close enough to tier 1 users. We analyze 
the processes of wireless power transfer on DL and information transmission on UL. 
We will derive the analysis of the average harvested energy on DL for both 2-tier users, 
the average ergodic rate and outage probability on UL for WTDs tier 2 users. According 
to the analytical results, the performance of the situation of tier 1 users are the full-
duplex relay is better compare to the situation of tier 1 users are the harvest then 
transmit relay, it is observed that with the increasing of the density of the picocell base 
stations and the allocated time slot for energy harvesting, the average harvested energy 
will improve due to the decreasing of the UL performance, the average ergodic rate and 
UL outage probability will degrade significantly. 
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1. Introduction 
As the WTDs developed rapidly, the WTDs played the important role in our day life, 
wearable communication networks will be the next frontier type of networks for 
wireless communications. A main challenge for wearable networks is to find green 
methods to support them in dense environments with lower latency, higher energy 
efficiency [1], [2], [3]. As we know that traditional energy harvesting sources such as 
solar, wind, hydroelectric depend on the locations and environments. Wireless power 
transfer (WPT) is an alternative approach to prolong the lifetime of mobile devices 
since the radio signals carry the information and the energy at the same time [4]. With 
the deployment of heterogeneous network (HetNet) in Fig.1, lower transmit power BSs 
such as picocells, fetmocells and remote radio heads are used to extend the edge 
coverage in cellular networks ranging from an open environment to office buildings, 
homes, subway station and airport where the places with high visitor flowrate [5], [9]. 
As long with the higher density distribution of WTDs (such as smart glasses, smart 
watches, smart shoes, etc.) in these kinds of scenario, it is urgently required us to pay 
attention on how to prolong the lifetime for them. An analytical model for k-tier MIMO 
applied HetNet has been proposed, the different user association scheme can make sure 
the users harvest more energy on DL and minimized the effect of path loss on UL [6]. 
In addition, the potentially harmful interference received by the users will become a 
precious new source of energy. Recently, the potential of harvesting the ambient RF in 
fifth-generation (5G) networks has been investigated [7], [8]. Moreover, full-duplex 
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(FD) communication is capable to increase the capacity and double the spectral 
efficiency through transmitting and receiving on the same channel at the same time, but 
it will suffer from the self-interference that the receiver will be impacted by the 
transmitter. Along with the achievement in signal designs, mitigation schemes and self-
interference cancellation methods [10], full-duplex can potentially be utilized in 
heterogeneous cellular network [11]. 
 
Fig. 1. Heterogeneous network model  
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2. Background 
2.1. Wireless Power Transfer 
  Unlike inductive coupling and magnetic resonance coupling, radio frequency has no 
limitation of transfer distance, so the harvested power can be transformed into direct 
current by using of the wireless energy transfer technique. For improving the energy 
efficiency, WPT is the green method that can be used in HetNet, cellular network, D2D 
and sensor communication networks to charge the devices. WPT can be divided into 
two kinds of protocols, harvest than transmit and simultaneous wireless information 
and power transfer [12]. Fig.2 is a model for an energy harvesting device that consists 
of an antenna, energy harvesting unit, energy storage unit and an information 
transmission unit. 
 
Fig. 2. Model for an energy harvesting device 
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2.2. Full-Duplex 
Half-duplex (HD) is widely used in traditional cellular network (e.g. TDD, FDD), 
FD communication is the advance way to double the capacity of cellular network 
compare to HD, but it will suffer from the self-interference between the receive antenna 
and transmit antenna. Fig.3 is the model of smartphone FD relay that the help the WTDs 
to transmit the information on both DL and UL, BS and the WTDs are TDMA 
communication and WTDs do not have to connect the BS directly.  
 
 
Fig. 3. Model for a full-duplex smart phone relay  
 6 
2.3. Stochastic Geometry 
Stochastic geometry is traditionally used in ecology and geology area, but it also can 
randomly model the points, objects etc in a complicated given place. Especially in 
HetNet, it is very useful method to help us analyze the position of each points. Poisson 
Point Process (PPP) is the enabling method to resolve the problem of wireless 
communication system because the uncertainty location of the users.  
Voronoi tessellation is a kind of simulation method to model the location of the BSs 
and 2-tier users with their own density based on the Homogeneous Poisson Point 
Process (HPPP). Firstly, simulate 19 picocells, then point the tier 1 relay users based on 
the random distance from the picocell BSs. Finally, point the WTDs based on the 
distance from the tier 1 relay users. The triangles mean the location of picocell BSs, 
blue circles mean the tier 1 relay users and the red stars mean the tier 2 WTDs.  
 
Fig. 4. Voronoi tessellation of the locations 
2.4. Contributions 
  We present a tractable system model that all the WTDs are central under controlled 
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by high level priority relay terminal devices such as smart phones, pad. Especially some 
low power devices such like smart watches, smart glasses, wearable fitness trackers, 
accessories, etc. Imagining that many people may bring more than 3 kinds of WTDs, it 
is inconvenient to charge them in the crowded places which with a high visitor flowrate. 
Unlike [13], we propose that the picocell BS and 2-ter users randomly located with 
particular transmit power, path loss exponent and density.  
  We compare the situation of tier 1 users are full-duplex relay and the situation of tier 
1 users are the harvest then transmit relay. Firstly, we derive the analysis of the average 
harvested energy DL for both 2-tier users, that shows how much energy the users can 
harvest from the DL and ambient RF at the same time by the two kinds of relay methods. 
We analyze the comparison of outage probability and the average ergodic rate on UL 
for WTDs tier 2 users. The outage probability relate to the SINR threshold equals to the 
CDF of the SINR. The average ergodic rate is integrated by the throughput threshold. 
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3. Protocol Description 
3.1. Full-duplex Relay 
The time slot can be divided into two parts, 𝜏𝑇, and 1 − 𝜏 𝑇, where 𝜏, 𝜏	 ∈ 	 (0,1) 
is the time allocation factor. In terms of tier 1 users are the full-duplex relays, 𝜏𝑇 is 
the time slot for tier 1 relay users and the tier 2 WTDs to harvest the energy on DL from 
the previous tier directly and can also harvest from the ambient radio frequency. On the 
UL, the 2 tier users can use the harvest energy as the transmit power to transmit the 
information on the rest of the time slot 1 − 𝜏 𝑇.  
 
 
Fig. 5. The full-duplex relay protocol 
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3.2. Transmit then Harvest 
The time slot can be divided into two parts, 𝜏𝑇, and 1 − 𝜏 𝑇, where 𝜏, 𝜏	 ∈ 	 (0,1) 
is the time allocation factor. 𝜏𝑇 is the time slot for WTDs to harvest the energy on DL 
from the tier 1 relay users and RF, the rest of the time slot 1 − 𝜏 𝑇 can be divided 
into two parts, FXY Z>  is the time slot for WTDs users to use the harvested energy as 
transmit power to transmit the information to the tier 1 users, then the left FXY Z>  is the 
time slot for tier 1 relay users to upload the information to the picocell BSs on UL [14]. 
 
 
Fig. 6. The harvest then transmit relay protocol  
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4. System Description 
 
Fig. 7. The system network models 
Imagine that in the situation of high visitor rate, each person may have at least 3 
WTDs, it is inconvenient to charge them at the same time. In order that we propose this 
tractable system model to charge the low power consumption WTDs. The entire 
communication consists of two different phases, namely, energy harvesting phase and 
wireless information transfer phase. Each tier of user harvests energy from direct DL 
and the ambient RF.  
Fig.7 depicts 2-tier users deployed in picocell network such as tier 1 relay and WTD 
tier 2 users. We assume that each picocell BS is equipped with single antenna. The 
locations of picocell BSs and 2-tier users are modeled following an independent HPPP 𝛷'$ with density 𝜆'$, 𝜆"#, 𝜆"$. In the high density HetNet, the density of the WTDs 
tier 2 users is much larger than picocell BSs and the tier 1 users, considering that there 
is only one active WTDs tier 2 user and tier 1 user at each time slot in each picocell. 
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In this system model, we do not consider direct energy transfer and information 
transfer with WTDs tier 2 user and picocell base stations, because picocell is limited 
resources and only server for tier 1 users because tier 1 users have high requirement in 
information transfer and energy. As we know the full-duplex relay will suffer from the 
self-interference, but along with the development of the self-interference cancellation 
(SIC) to further reduce the interference by using analog/digital domain SIC, although 
this part of study is still challengeable. We considered the self-interference can be 
perfectly cancelled in this paper [10]. 
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5. DL Wireless Power Transfer 
5.1. Full-duplex Relay 
In the picocell, only one user of each tier can be allowed to communicate with its 
serving picocell BS at a divided time slot, the allocate power transfer time for each tier 
user is 𝜏𝑇, where 𝜏	 ∈ 	 (0,1). In the situation of tier 1 users are the full-duplex relay, 
on the phase of energy harvesting, the total harvest energy on a typical tier 1 user o that 
is associated with the closest picocell base station and the total harvest energy at a 
typical WTD tier 2 user o are given by 𝐸"# = 𝜂𝜏𝑇𝑃'$𝑔2𝐿8 𝑚𝑎𝑥 𝑋2,# , 𝑑 + 𝜂𝜏𝑇 𝐼'$ + 𝐼#G 		𝐸"$ = 𝜂𝜏𝑇𝑃"#ℎ2𝐿8 𝑚𝑎𝑥 𝑋2,G , 𝑑 + 𝜂𝜏𝑇 𝐼'$% + 𝐼#G% , 1  
where 𝐸"# ,	𝐸"$	are the ideal total energy that 2-tier users can harvest on the DL from 
the serving picocell BS directly, also can be charged from the interfered users, 𝜂 
(0<𝜂 < 1) is the RF-to-DC conversion efficiency, 𝑃'$, 𝑃"# are the picocell transmit 
power and tier 1 user transmit power, respectively, 𝐿8 𝑚𝑎𝑥 𝑋 , 𝑑 = 𝛽 𝑋 Xa is the 
path loss function, 𝛽 is the frequency dependent constant value, 𝛼	 2 < 𝛼 < 4  is 
the path loss exponent, d is the reference distance, 𝑔2, ℎ2~exp	(1) and 𝑋2,# , 𝑋2,G  
are the small-scale fading channel power gain, by mean 1, the distance between the 
serving picocell BS and the typical tier 1 user, and the distance between the tier 1 user 
and the active WTD tier 2 user, respectively based on the Rayleigh fading. The energy 
harvest from the interference can be given by 
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𝐼'$ = 𝑃'$𝑔h,2𝐿8 𝑚𝑎𝑥 𝑋i , 𝑑i∈jkl∖ 2							𝐼#G 			= 𝑃"#𝑔#,2𝐿8 𝑚𝑎𝑥 𝑋n , 𝑑 												, 2  
and 					𝐼'$% = 𝑃'$ℎh,2𝐿8 𝑚𝑎𝑥 𝑋o , 𝑑 																					𝐼#G% = 	 𝑃"#ℎ#,2𝐿8 𝑚𝑎𝑥 𝑋$ , 𝑑$∈jIJ∖ 2 , 3  
where 𝐼'$, 𝐼#G, 𝐼'$% , 𝐼#G%  are the sum of the interference harvest from the DL under 
the condition of full-duplex relay network, including the interference from the 
interfering picocell BSs and interfering tier 1 users, 𝑔, ℎ~𝑒𝑥𝑝	(1),	 𝑋  are the small-
scale fading interfering channel power gain by mean 1, the distance between interfering 
picocell BSs 𝑖 ∈ 𝛷'$ ∖ 𝑜  (except the serving picocell BS) or tier 1 users 𝑠 ∈ 𝛷"# ∖𝑜  (except the serving tier 1 user) and the typical charged users, respectively, based 
on the Rayleigh fading. 
5.2. Transmit then Harvest 
  In the situation of tier 1 users are the harvest then transmit relay, on the phase of 
energy harvesting, the total harvest energy on a typical tier 2 user o that is given by 𝐸"$% = 𝜂𝜏𝑇𝑃"#ℎ2𝐿8 𝑚𝑎𝑥 𝑋2,G , 𝑑 + 𝜂𝜏𝑇𝐼'$% 4  
where 𝐸"$% 	is the ideal total energy that tier 2 WTDs users can harvest on the DL from 
the tier 1 relay users directly, also can be charged from the interfered picocell BSs, 𝜂 
(0<𝜂 < 1) is the RF-to-DC conversion efficiency, 𝑃"# is transmit power of the tier 1 
relay user, 𝐿8 𝑚𝑎𝑥 𝑋 , 𝑑 = 𝛽 𝑋 Xa is the path loss function, 𝛽 is the frequency 
dependent constant value, 𝛼	 2 < 𝛼 < 4  is the path loss exponent, d is the reference 
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distance, ℎ2~exp	(1) and 𝑋2,G  are the small-scale fading channel power gain, by 
mean 1, the distance between the tier 1 relay users and the typical tier 2 WTDs users 
based on the Rayleigh fading. The energy harvest from the ambient RF can be given by 
𝐼'$% = 𝑃'$ℎh,2𝐿8 𝑚𝑎𝑥 𝑋o , 𝑑 , 5  
unlike the situation of tier 1 users are the full-duplex relay, the interference only comes 
from the interfered picocell BSs, where 𝐼'$%  is the sum of the interference harvest from 
the interfering picocell BSs,	ℎ~𝑒𝑥𝑝	(1),	 𝑋o  are the small-scale fading interfering 
channel power gain by mean 1, the distance between interfering picocell BSs 𝑖 ∈ 𝛷'$ 
and the typical charged WTDs users, respectively, based on the Rayleigh fading. 
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6. UL Information Transmission 
6.1. Full-duplex Relay 
On UL information transmission phase, the tier 1 users and 2 tier 2 WTDs will 
transmit the information to the picocell BSs at the same time slot. In terms of the tier 1 
users are the full-duplex relay, the 2-tier users will make use of the harvested energy as 
transmit power to transmit the data on UL at the time slot 1 − 𝜏 𝑇, where 𝜏	 ∈ 	 0,1 . 
SINR received on the tier 1 full-duplex user from typical WTD tier 2 user can be given 
as 
SINR"# = 𝑃"$uKℎ%2𝐿8 𝑚𝑎𝑥 𝑋2,G% , 𝑑𝐼%#G + 𝐼%G$ + 𝜎> 6  
based on the Shannon theorem where 𝑃"$uK = wIlFXY Z , 	𝑃"#uK = wIJFXY Z , ℎ%2~𝑒𝑥𝑝	(1) , 𝑋2,G%  are the small-scale fading interfering channel power gain by mean 1, the distance 
between typical WTD tier 2 user and connected tier full-duplex 1 user, respectively.  
  In addition, 𝐼%#G = 𝑃"#uK 𝑔%#,2𝐿8 𝑚𝑎𝑥 𝑋n% , 𝑑 								𝐼%G$ 				= 𝑃"$uKℎ%2,h𝐿8 𝑚𝑎𝑥 𝑋o% , 𝑑 	$x∈jIl∖ 2 , 7  
where 𝐼%#G, 𝐼%G$ are the sum of the interference including the interference from the 
interfering tier 1 full-duplex users and interfering WTD tier 2 users, 𝑔, ℎ~𝑒𝑥𝑝	(1), 𝑋  
are the small-scale fading interfering channel power gain by mean 1, the distance 
between interfering tier 1 users or tier 2 users 𝑘% ∈ 𝛷"$ ∖ 𝑜  (except the typical tier 
2 user) and the typical tier 1 user based on the Rayleigh fading. 
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6.2. Transmit then Harvest 
On UL information transmission phase, in terms of the tier 1 users are the harvest 
then transmit users, the tier 2 WTDs will make use of the harvested energy as transmit 
power to transmit the data to tier 1 harvest then transmit relay on UL at the time slot 
FXY Z> , then the tier 1 harvest then transmit relay will transmit the information to the 
picocell BSs at the rest time slot FXY Z> , where 𝜏	 ∈ 	 0,1 . SINR received on the tier 
1 harvest then transmit user from typical WTD tier 2 user can be given as 
SINR"#% = 𝑃′"$uKℎ%2𝐿8 𝑚𝑎𝑥 𝑋2,G% , 𝑑𝐼%G$ + 𝜎> 8  
where 𝑃′"$uK = wIlFXY Z, ℎ%2~𝑒𝑥𝑝	(1), 𝑋2,G%  are the small-scale fading interfering 
channel power gain by mean 1, the distance between typical WTD tier 2 user and 
serving tier 1 user, respectively. In addition, 𝐼%G$ 				= 𝑃"$uKℎ%2,h𝐿8 𝑚𝑎𝑥 𝑋o% , 𝑑 	$x∈jIl∖ 2 9  
the tier 1 relay users will only get the interference from the interfered tier 2 WTDs, 
where 𝐼%G$ is the sum of the interference harvest from interfering WTD tier 2 users, ℎ~𝑒𝑥𝑝	(1), 𝑋o%  are the small-scale fading interfering channel power gain by mean 
1, the distance between interfering tier 2 users 𝑘% ∈ 𝛷"$ ∖ 𝑜  (except the typical tier 
2 user), based on the Rayleigh fading. 
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7. Exact Analysis of DL and UL 
Transmission 
7.1. Probability Density Function of Distance 
Suggesting r is the distance between the tier 1 user and the picocell BS. Since the 
typical tier 1 user connect with the closest picocell BS, no other BS can be closer than 
R. The probability density function (pdf) of x can be derived as 𝑃𝑟 𝑟 > 𝑅 = 𝑒X. 10
Therefore, the CDF is 𝑃𝑟 𝑟 ≤ 𝑅 = 𝐹 𝑅 = 1 − 𝑒X, the pdf can be denoted as 
𝑓 𝑅 =   = 𝑒X2𝜋𝜆𝑟. 
7.2. Phase-1 DL Wireless Power Transfer 
7.2.1. Full-duplex Relay 
On the DL full-duplex cooperative HetNet, 2-tier user harvest the directed energy 
and the RF at divided time slot τT as follow: 
Theorem 1. The average harvested energy at 2-tier typical users in terms of tier 1 full-
duplex relay are given by 
𝔼𝑼𝒎 = 	𝜂𝜏𝑇𝛽 𝑃'$ 1 𝑥 ≤ 𝑑 𝑑Xak + 1 𝑥 > 𝑑 𝑥Xak 	
																				+2𝜋𝜆'$𝑃'$ 1 𝑥 ≤ 𝑑 12𝑑Xak 𝑑> − 𝑥> − 𝑑>Xak2 − 𝛼' 																																				−1 𝑥 > 𝑑 𝑥>Xak2 − 𝛼' +2𝜋𝜆'$𝑃G 12𝑑>XaI + 𝑑>XaI𝛼" − 2 11  
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and 
𝔼𝑼𝒔 = 	𝜂𝜏𝑇𝛽 𝑃"# 1 𝑦 ≤ 𝑑 𝑑XaI + 1 𝑦 > 𝑑 𝑦XaI 	
																		+2𝜋𝜆'$𝑃"# 1 𝑦 ≤ 𝑑 12𝑑XaI 𝑑> − 𝑦> − 𝑑>XaI2 − 𝛼" 																													−1 𝑦 > 𝑑 𝑦>XaI2 − 𝛼" +2𝜋𝜆'$𝑃'$ 12 𝑑>Xak + 𝑑>Xak𝛼' − 2 12  
  proof: See A Proof of Theorem 1. 
where 𝔼"#, 𝔼"$ are the total energy can be harvested on the DL on tier 1 full-duplex 
relay users, and tier 2 WTDs users given by (1), (2), (3), follows the Campbell’s 
theorem 𝑬 𝑓 𝑥i∈j = 𝜆 𝑬 𝑓 𝑥 𝑑𝑥.  
The average harvested energy for a typical tier 1 full-duplex user that is associated 
with a closest picocell BS. From (11), the average harvested energy can be denoted as 𝐸 𝑥 = 𝐸 𝑥 𝑓 𝑥 𝑑𝑥8 . We set the distance between 2-tier users as a constant value. 
Imagining that tier 2 WTDs just in the pockets or bags, connect to the smart phone in 
your hand, so the distance is close enough to be assumed as a constant value 𝑑8. 
7.2.2. Harvest then Transmit 
In terms of the tier 1 users are the harvest then transmit relay users, the total energy 
that the tier 2 WTDs users harvest on the DL at the time slot of 𝜏𝑇, can be given as 
𝔼𝑼𝒔% = 	𝜂𝜏𝑇𝛽 𝑃"# 1 𝑦 ≤ 𝑑 𝑑XaI + 1 𝑦 > 𝑑 𝑦XaI 	
+2𝜋𝜆'$𝑃'$ 12 𝑑>Xak + 𝑑>Xak𝛼' − 2 13  
  proof: See A Proof of Theorem 1. 
where 𝔼𝑼𝒔%  is the total energy can be harvested on the DL receive on tier 2 WTDs users 
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given by (4), (5), follows the Campbell’s theorem 𝑬 𝑓 𝑥i∈j = 𝜆 𝑬 𝑓 𝑥 𝑑𝑥. 
We set the distance between 2-tier users as a constant value. Imagining that tier 2 WTDs 
just in the pockets or bags, connect to the smart phone in your hand, so the distance is 
close enough to be assumed as a constant value 𝑑8. 
7.3. Phase-2 UL Information Transmission 
7.3.1. Full-duplex Relay 
On the UL full-duplex cooperative HetNet, the WTDs tier 2 users transmit the 
information signal with a special transmit power that harvested from the DL at the 
divided same time slot 1 − 𝜏 𝑇 [15]. 
Theorem 2. The average ergodic rate received at tier 1 full-duplex user is given by 
𝑅"#@ABCD = 𝔼IJ 1 − 𝜏 𝑇𝑙𝑛 1 + SINR"# 	𝑎= 𝑃𝑟 𝑆𝐼𝑁𝑅"# > 𝑡F 𝑑𝑅F ¡8 14  
where 𝑡F = 𝑒 / FXY Z − 1, RF is the throughput threshold, then from (6), (7) we can 
derive the coverage probability of SINR"#  , where equals to the complementary 
cumulative distribution function (CCDF) of SINR as 
𝑃𝑟 SINR"# > 𝑡F = 𝑃𝑟 𝑃"$uKℎ%2𝐿8 𝑚𝑎𝑥 𝑋2,G% , 𝑑𝐼%#G + 𝐼%G$ + 𝜎> > 𝑡F 	= 𝑃𝑟 ℎ%2 > 𝑡F∆"$XF 𝐼%#G + 𝐼%G$ + 𝜎> 𝑑aI 	= ℒ¤xJ¥ 𝑡F∆"$XF𝑑aI ∙ ℒ¤x¥l 𝑡F∆"$XF𝑑aI 	∙ 𝑒𝑥𝑝 −𝑡F𝜎>∆"$XF𝑑aI 	
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= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑡1∆𝑈𝑠−1∆𝑈𝑚1 + 𝑡1∆𝑈𝑠−1∆𝑈𝑚 12 𝑑2	
+ 𝑡F∆"$XF∆"#𝑑>𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" , −𝑡F∆"$XF∆"# 	
∙ 𝑒𝑥𝑝 −2𝜋𝜆'$ 𝑡F1 + 𝑡F 12 d2 − 𝑑02 	
+ 𝑡F𝑑>𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" , −𝑡F 	
∙ 𝑒𝑥𝑝 −𝑡F𝜎>∆"$XF𝑑aI 15  
where ∆"$= 𝑃"$uK𝛽 = wIlFXY Z 𝛽 , ∆"#= 𝑃"#uK 𝛽 = wIJFXY Z 𝛽 , the tier 2 WTDs is close 
enough with tier 1 user, so there is no user association for typical tier 2 user, we set as 
reference distance 𝑑 = 1. Therefore, the UL outage probability, where shows the user 
who is not in the coverage and its SINR is below than the threshold [16] is given by  
             𝑃2GHIJ"K = 1 − 𝑃𝑟 SINR"# 𝑥 > 𝑡F 	= 1 − 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑡1∆𝑈𝑠−1∆𝑈𝑚1 + 𝑡1∆𝑈𝑠−1∆𝑈𝑚 12 𝑑2	
+ 𝑡F∆"$XF∆"#𝑑>𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" , −𝑡F∆"$XF∆"# 	
∙ 𝑒𝑥𝑝 −2𝜋𝜆'$ 𝑡F1 + 𝑡F 12 d2 − 𝑑02 	
+ 𝑡F𝑑>𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" , −𝑡F 	
∙ 𝑒𝑥𝑝 −𝑡F𝜎>∆"$XF𝑑aI 16  
  In addition, 
ℒ¤xJ¥ 𝑡F∆"$XF𝑑aI 	
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= 𝑒𝑥𝑝 −2𝜋𝜆'$ 𝑡F∆"$XF∆"#1 + 𝑡F∆"$XF∆"# 12𝑑>	
+ 𝑡F∆"$XF∆"#𝑑>𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" ,−𝑡F∆"$XF∆"# 17  
where 
 	ℒ¤xJ¥ 𝑠 = 𝔼¤xJ¥ 𝑒𝑥𝑝 −𝑠 𝑃𝑈𝑚𝐷𝐿 𝑔′𝑚,𝑜𝐿0 𝑚𝑎𝑥 𝑋𝑗′ , 𝑑 	𝑏= 𝑒𝑥𝑝 −𝜆𝐵𝑠 1 − ℒ𝑔′𝑚,𝑜 𝑠𝑃𝑈𝑚𝐷𝐿 𝐿0 𝑚𝑎𝑥 𝑋𝑗′ , 𝑑 𝑑𝑥 	𝑐= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑠∆"#𝑑−𝛼𝑈1 + 𝑠∆"#𝑑−𝛼𝑈 12 𝑑>	
+ 𝑠∆"#𝑑 >X𝛼𝑈𝛼𝑈 − 2 2𝐹1 1, 𝛼𝑈 − 2𝛼𝑈 , 2 − 2𝛼𝑈 , −𝑠∆"#𝑑X𝛼𝑈 18  
and 
 ℒ¤x¥l 𝑡F∆"$XF𝑑aI = 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑡11+𝑡1 12 d> − 𝑑8> 	
+ 𝑡1𝑑2𝛼𝑈 − 2 2𝐹1 1, 𝛼𝑈 − 2𝛼𝑈 , 2 − 2𝛼𝑈 , −𝑡1 19  
where 
ℒ¤x¥l 𝑠 = 𝔼¤xJ¥ 𝑒𝑥𝑝 −𝑠 𝑃𝑈𝑠𝐷𝐿ℎ′𝑜,𝑏𝐿0 𝑚𝑎𝑥 𝑋𝑘′ , 𝑑 	𝑠′∈𝛷𝑈𝑠∖ 𝑜 	𝑑= 𝑒𝑥𝑝 −𝜆𝐵𝑠 1 − ℒℎ′𝑜,𝑏 𝑠𝑃𝑈𝑠𝐷𝐿𝐿0 𝑚𝑎𝑥 𝑋𝑘′ , 𝑑 𝑑𝑥 	𝑒= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑠∆"$𝑑−𝛼𝑈1 + 𝑠∆"$𝑑−𝛼𝑈 12 𝑑> − 𝑑8> 	
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+𝑠∆"$𝑑 >X𝛼𝑈𝛼𝑈 − 2 2𝐹1 1, 𝛼𝑈 − 2𝛼𝑈 , 2 − 2𝛼𝑈 , −𝑠∆"$𝑑X𝛼𝑈 20  
  proof: See A Proof of Theorem 2. 
based on 𝔼 𝑓 𝑥∈𝛷 = 𝑒𝑥𝑝 −𝜆 1 − 𝑓 𝑥 𝑑𝑥 , and ℒ¤xJ¥ . , ℒ¤x¥l .   are 
the Laplace transform of the PDF of 𝐼%#G, 𝐼%G$, and can be derived by making use of 
the generating function of PPP [17]. 
7.3.2. Harvest then Transmit 
In terms of the tier 1 users are the harvest then transmit relay users, the WTDs tier 2 
users transmit the information signal with a special transmit power that harvested from 
the DL at the divided time slot FXY Z> . 
𝑅′"#@ABCD = 𝔼SINR𝑈𝑚′ 1 − 𝜏 𝑇2 𝑙𝑛 1 + SINR𝑈𝑚′ 	𝑓= 𝑃𝑟 SINR𝑈𝑚′ > 𝑡> 𝑑𝑅F ¡8 21  
where 𝑡> = 𝑒 /  ­® ¯ − 1, RF is the throughput threshold, then from (8), (9) we can 
derive the coverage probability of SINR"#%  as 
𝑃𝑟 SINR𝑈𝑚′ > 𝑡> = 𝑃𝑟 𝑃%"$uKℎ%2𝐿8 𝑚𝑎𝑥 𝑋2,G% , 𝑑𝐼%G$ + 𝜎> > 𝑡F 	= 𝑃𝑟 ℎ%2 > 𝑡F∆"$XF 𝐼%G$ + 𝜎> 𝑑aI 	
= ℒ¤x¥l 𝑡F∆"$XF𝑑aI ∙ 𝑒𝑥𝑝 −𝑡F𝜎>∆"$XF𝑑aI 	
= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑡11 + 𝑡1 12 d> − 𝑑8> 	
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+ 𝑡F𝑑>𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" , −𝑡F 	
∙ 𝑒𝑥𝑝 −𝑡F𝜎>∆"$XF𝑑aI 22  
where, ∆"$% = 𝑃′"$uK𝛽 = 𝐸𝑈𝑠′1−𝜏 𝑇2 𝛽, the tier 2 WTDs is close enough with tier 1 user, so there 
is no user association for typical tier 2 user, we set as reference distance 𝑑 = 1 . 
Therefore, the UL outage probability [15] is given by 
𝑃%2GHIJ"K = 1 − 𝑃𝑟 SINR"#% 𝑥 > 𝑡> 	= 1 − 𝑒𝑥𝑝 −2𝜋𝜆'$ 𝑡F1 + 𝑡F 12 d> − 𝑑8> 	+ 𝑡F𝑑>𝛼" − 22𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" ,−𝑡F 	∙ 𝑒𝑥𝑝 −𝑡F𝜎>∆"$XF𝑑aI 23  
Proof: See A Proof of Theorem 2. 
7.4. Numerical Results 
In this section, we use the analytical expressions of the average received energy, the 
UL average ergodic rate, and UL outage probability to evaluate the full-duplex relay 
system network in the two situations of tier 1 users are the full-duplex relay and harvest 
then transmit relays. The exact results are validated by the method of Monte Carlo, 
where random the distance of each tier users with the density 𝜆'$ = 10X°𝑚X>, 𝛼' =3.5, 𝛼" = 3, 𝑑 = 1, 𝑅F = 0.1. For all the numerical results, 𝑃'$ = 33	𝑑𝐵𝑚, 𝑃'$ =25	𝑑𝐵𝑚. 
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7.4.1. Full-duplex Relay 
  Fig.8, 9, plot the effect of allocated time slot factor for energy harvesting phrase to 
the average harvested energy. In terms of the tier 1 users are the full-duplex relay users, 
it is observed that the harvested energy divided into the direct WPT and from the 
ambient RF on the time slot 𝜏𝑇 . The average harvested energy increase with the 
increasing of the allocated time slot for energy harvesting. The energy harvest directly 
from the signal is larger than the energy harvest from the ambient RF.  
 
Fig. 8. The Average Harvested Energy on Tier 2 User with full-duplex relay 
𝝉 
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Fig. 9. The Average Harvested Energy on Tier 1 User with full-duplex relay 
Fig.10 plots the effect of transmit power and the density λ³´  to the average 
harvested energy of 2-tier users. With the increasing of the density of picocell BS and 
transmit power, the harvested energy receive on both 2-tier users will increase. That is 
because the directed energy and the interference from the picocell BSs increase, the 
more energy can be harvested on DL. When the transmit power of picocell BS are little 
bigger than the tier 1 user, the average harvested energy are not significantly improved. 
𝝉 
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Fig. 10. The Average Harvested Energy on 2-Tier User with full-duplex relay 
  Fig.11 depicts the impact of density of the picocell BSs and the RF to DC efficiency 
to the average harvested energy. It is observed that with the increasing of the RF to DC 
efficiency, tier 2 WTDs will harvest more energy because more radio frequency will 
transform to the direct current energy.  
 
Fig. 11. The Average Harvested Energy on Tier 2 User with full-duplex relay 
  Fig.12 plots the effect of density of picocell BS and allocated time slot factor for 
       ー  Ex. 𝑃'$ = 33𝑑𝐵𝑚, 	𝑃G = 25𝑑𝐵𝑚 
       ---  Ex. 𝑃'$ = 28𝑑𝐵𝑚, 	𝑃G = 25𝑑𝐵𝑚 
       …  Ex. 𝑃'$ = 33𝑑𝐵𝑚, 	𝑃G = 20𝑑𝐵𝑚 
         o      Simulation 
𝝀𝑩𝒔  
Tier2 Tier1 
      ー  	𝜂 = 0.9 
      ---  	𝜂 = 0.6 
      …  𝜂 = 0.3 
      o   Simulation 
𝝀𝑩𝒔  
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energy harvesting to the average ergodic rate receive on tier 1users. With the increasing 
of the λ³´, the average ergodic rate decrease, due to the tradeoff between the increasing λ³´ and the transmit power. It is observed that the density of picocell BSs increase, the 
interference from the picocell BSs on UL will be worse. Because of the less allocated 
time slot for DL energy harvesting, the less transmit power for UL information 
transmission, the average ergodic rate will decrease significantly.  
 
Fig. 12. The Average Ergodic Rate of tier 2 WTD on UL with full-duplex relay 
  Fig.13 plots the effect of allocated time slot for energy harvesting and path loss 
exponent to the outage probability. The UL outage probability will improve then 
degrade due to the tradeoff between the benefits from the increasing allocated time slot 
for energy harvesting and the less time left for information transmission. The UL outage 
probability degrades significantly due to the more allocated time slot for DL energy 
harvesting, the transmit power will improve, but there is less time for UL information 
transmission, moreover, interference from the other users will be worse due to the 
     ー  Ex. 𝜏𝑇 = 0.1 
     …  Ex. 𝜏𝑇 = 0.5 
     ---  Ex. 𝜏𝑇 = 0.8 
     o   Simulation 
𝝀𝑩𝒔  
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increasing transmit power. It is observed that the smaller path loss exponent, the better 
UL performance, the UL outage probability will improve. 
 
Fig. 13. The UL outage probability of tier 2 WTD with full-duplex relay 
  Fig.14 plots the effect of the density of the picocell BSs and the path loss exponent 
to the UL outage probability. It is observed that with the increasing of the density of the 
picocell BSs, the UL outage probability of the WTDs will degrade significantly. The 
path loss exponent becomes smaller, the outage probability will become worse owe to 
the interference from the interfered users will increase, the performance of UL will be 
worser. 
       ー  Ex. α³ = 3, α¹ = 2.5 
       ---  Ex. α³ = 3.5, α¹ = 3 
       o   Simulation 
𝝉 
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Fig. 14. The UL outage probability of tier 2 WTD with full-duplex relay 
7.4.2. Harvest then Transmit 
  Fig.15 plots the effect of time slot factor 𝜏𝑇 to the average harvested energy on tier 
2 WTDs users, where 𝜏𝑇 = 0.5. It is observed that the harvested energy can be divided 
into the energy harvest from the DL directly and the energy from the ambient RF. The 
energy harvest directly from the tier 1 relay users will much more than the energy 
harvest from the interference. 
 
Fig. 15. The Average Harvested Energy on Tier 2 User with harvest then transmit relay 
  Fig.16 plots the comparison of average harvested energy between the situation of 
       ー  Ex. α³ = 3.5, α¹ = 3 
       --- 		Ex. α³ = 3, α¹ = 2.5 
       o   Simulation 
𝝀𝑩𝒔  
𝝉 
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full-duplex relay and harvest then transmit relay on the effect of density of picocell BSs 
and the transmit power on DL. It is observed that in the situation of tier 1 users are 
harvest then transmit relay, the harvested energy is less than the situation of tier 1 are 
full-duplex relay. Moreover, with the decreasing of the transmit power on DL and the 
density of picocell BSs, the less energy can be harvest. 
 
Fig. 16. The comparison of Average Harvested Energy between the the full-duplex relay and 
harvest then transmit relay with transmit power 
  Fig.17 depicts the comparison of average harvested energy between the situation of 
full-duplex relay and harvest then transmit relay on the effect of the density of picocell 
BSs and the RF to DC efficiency to the average harvested energy. It is observed that in 
the situation of tier 1 users are the full-duplex relay, the more energy can be harvested 
than the situation of tier 1 users are the harvest then transmit relay owe to the 
interference from the ambient RF increase. With the increasing of RF to DC transform 
efficiency, more energy can be harvested. When the density of picocell BSs increase to 𝜆'$ = 10X>𝑚X>, the average harvested energy is almost the same. 
       ー  Ex. 𝑃'$ = 33𝑑𝐵𝑚, 	𝑃G = 25𝑑𝐵𝑚 
       ---  Ex. 𝑃'$ = 28𝑑𝐵𝑚, 	𝑃G = 25𝑑𝐵𝑚 
       …  Ex. 𝑃'$ = 33𝑑𝐵𝑚, 	𝑃G = 20𝑑𝐵𝑚 
         o      Simulation 
Full-duplex Relay 
Harvest then Transmit 
𝝀𝑩𝒔  
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Fig. 17. The comparison of Average Harvested Energy between the full-duplex relay and harvest 
then transmit relay with RF to DC transform efficiency 
  Fig.18 plots the comparison of average ergodic rate between the situation of full-
duplex relay and the harvest then transmit relay on the impact of the density of picocell 
BSs and the time slot factor 𝜏𝑇 = 0.5 for energy harvesting process. In the situation 
of tier 1 users are the full-duplex relay, the rest of time slot for information transmission 
process is 1 − 𝜏 𝑇, moreover, in the situation of tier 1 users are the harvest then 
transmit relay, the rest of the time slot for information transmission process is FXY Z> . 
It is observed that with the increasing of the time slot for energy harvesting process, the 
average ergodic rate degrades significantly. Compare to the situation of tier 1 users are 
the full-duplex relay the average ergodic rate is worser than in the situation of tier 1 
users are the harvest then transmit relay owe to the tradeoff benefits between the 
harvested energy and the interference, the harvested energy is less, the transmit power 
is less, moreover the time slot left for information is less, the average ergodic rate is 
worse. 
𝝀𝑩𝒔  
      ー  𝜂 = 0.9 
      ---  𝜂 = 0.6 
      …  𝜂 = 0.3 
      o  Simulation 
Full-duplex Relay 
Harvest then Transmit 
 32 
 
Fig. 18. The comparison of Average Ergodic Rate between the full-duplex relay and harvest then 
transmit relay with time slot 
  Fig.19 plots the comparison of outage probability between the situation of full-
duplex relay and the harvest then transmit relay on the effect of the time slot factor 𝜏𝑇, 
where 𝜏𝑇 = 0.5, and the path loss exponent. It is observed that compare to the situation 
of tier 1 users are the harvest then transmit relay, the UL outage probability is worser 
than in the situation of tier 1 users are the full-duplex owe to the tradeoff benefits 
between the transmit power on UL and the time slot left for information transmission 
process. With the path loss exponent are smaller, the better UL performance, but the 
interference increases either, the outage probability degrades. 
Full-duplex Relay 
Harvest then Transmit 
𝝀𝑩𝒔  
     ー  Ex. 𝜏𝑇 = 0.1 
     ---  Ex. 𝜏𝑇 = 0.5 
     …  Ex. 𝜏𝑇 = 0.8 
     o   Simulation 
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Fig. 19. The comparison of Outage Probability between the full-duplex relay and harvest then 
transmit relay with path loss exponent 
  Fig.20 plots the comparison of outage probability between the situation of full-
duplex relay and the harvest then transmit relay on the effect of density of picocell BSs 
and the path loss exponent. It is observed that the situation of tier 1 users are the harvest 
then transmit relay, the UL outage probability will worse than the situation of tier 1 
users are the full-duplex relay then better with the increasing of the density of picocell 
BSs owe to the tradeoff benefits between the transmit power and the interference from 
the interfered users. With the path loss exponent are smaller, the better UL performance, 
but the interference increases either, the outage probability degrades. 
Full-duplex Relay 
Harvest then Transmit 
𝝉 
       ー  Ex. α³ = 3, α¹ = 2.5 
       ---  Ex. α³ = 3.5, α¹ = 3 
        o   Simulation 
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Fig. 20. The comparison of Outage Probability between the full-duplex relay and harvest then 
transmit relay with path loss exponent 
  
Full-duplex Relay 
Harvest then Transmit 
𝝀𝑩𝒔  
       ー  Ex. α³ = 3, α¹ = 2.5 
       ---  Ex. α³ = 3.5, α¹ = 3 
        o   Simulation 
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8. CONCLUSIONS 
In this research, we examine a tractable model for multi-hop HetNet system with two 
kinds of tier 1 relay user, tier 1 users are full-duplex cooperative relay and tier 1 users 
are harvest then transmit relay. In the situation of the tier 1 user are the full-duplex relay, 
tier 1 relay users and the WTDs tier 2 users can be charged on DL at the same allocated 
time slot 𝜏𝑇, then tier 1 user will support tier 2 user transmit the information on UL at 
the same allocated time slot 1 − 𝜏 𝑇. In the situation of tier 1 users are harvest then 
transmit relay, the WTDs tier 2 users can be charged on DL at the same allocated time 
slot 𝜏𝑇, then tier 1 user will support tier 2 user transmit the information on UL at the 
same allocated time slot FXY Z> . By the distribution of HPPP with particular density, we 
derive the equations of the average harvested energy, the average ergodic rate and UL 
outage probability. It is observed that increasing with the allocated time slot for energy 
harvesting and the density of picocell BSs, the average harvested energy will increase. 
Due to the tradeoff between the increasing of the allocated time slot for transmit power 
and impact from increasing density of the picocell BSs, the less time left for information 
transmission, the average ergodic rate of WTDs and the UL outage probability will 
degrade. Compare two kinds of relay method, the performance of the situation of tier 1 
users are full-duplex relay is better than the situation of tier 1 users are harvest then 
transmit relay.  
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9. Future Work 
Along with the deployment of HetNet, the complicated distribution of acess point 
and users will be the problem for analyzing the performance of the network. UDN is a 
new definition to indicates that there are more cells than the typical users ≥ 10°	𝑐𝑒𝑙𝑙𝑠/𝑘𝑚>  [18]. It is required state of the art techniques to provide higher 
spectral efficiency, lower power consumption and densified wireless connections, etc. 
In my research, I analyzed the performance metrics of average harvested energy on 
each tier of user, the average ergodic rate (nats/bit/Hz) and the outage probability of 
rate on UL based on the 2-D cellular network models base on the stochastic geometry 
HPPP.  
A new 3-D model like Fig.21 was proposed for HetNet that the positions of the small 
cells are distributed by 3-D Poisson point process [19]. I want to make a 2-tier users 
tiers system that consists of picocells, tier 1 users (smart phone users or pads) and tier 
2 users (wearable devices or machine) distributed by HPPP with independent density 
of each tier users. My purpose is by considering the interference from a 3D HetNet to 
analysis the power consumption and coverage probability of in 3D HetNet high-rise 
buildings. 
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Fig. 21. The 3-D system model based on HPPP 
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Appendix 
A proof of Theorem 1 
Based on the Campbell’s theorem, we can derive the 𝔼 𝐼'$ , 𝔼 𝐼#G , 𝔼 𝐼'$%  and 𝔼 𝐼#G%  as below 𝔼 𝐼'$ = 𝑃'$𝑔h,2𝐿8 𝑚𝑎𝑥 𝑋i , 𝑑i∈jkl∖ 2 																																		= 𝜆'$𝑃'$𝑔h,2𝛽 𝑚𝑎𝑥 𝑟, 𝑑 Xak 𝑟𝑑𝑟>8 𝑑𝜃																									= 2𝜋𝜆'$𝑃'$𝑔h,2𝛽 𝑚𝑎𝑥 𝑟, 𝑑 Xak 𝑟𝑑𝑟																																											= 2𝜋𝜆'$𝑃'$𝛽 1 𝑥 ≤ 𝑑 𝑑Xak 𝑑> − 𝑥>2 − 𝑑>Xak2 − 𝛼' 	−1 𝑥 > 𝑑 𝑥>Xak2 − 𝛼' 𝐴. 1  𝔼 𝐼#G = 𝑃"#𝑔#,2𝐿8 𝑚𝑎𝑥 𝑋n , 𝑑 	
																																												= 𝜆'$𝑃"#𝑔#,2𝛽 𝑚𝑎𝑥 𝑧, 𝑑 XaI8 𝑧𝑑𝑧>8 𝑑𝜃																			= 2𝜋𝜆'$𝑃"#𝛽 𝑑>XaI2 + 𝑑>XaI𝛼" − 2 𝐴. 2  𝔼 𝐼'$% = 𝑃'$ℎh,2𝐿8 𝑚𝑎𝑥 𝑋o , 𝑑 	
= 𝜆'$𝑃'$ℎh,2𝛽 𝑚𝑎𝑥 𝑧, 𝑑 XaI8 𝑧𝑑𝑧>8 𝑑𝜃	= 2𝜋𝜆'$𝑃'$ℎh,2𝛽 𝑚𝑎𝑥 𝑣, 𝑑 Xak8 𝑣𝑑𝑣	= 2𝜋𝜆'$𝑃'$𝛽 𝑑>Xak2 + 𝑑>Xak𝛼' − 2 𝐴. 3  
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𝔼 𝐼#G% = 𝑃"#ℎ#,2𝐿8 𝑚𝑎𝑥 𝑋$ , 𝑑$∈jIJ∖ 2 																																		= 𝜆'$𝑃"#ℎ#,2𝛽 𝑚𝑎𝑥 𝑢, 𝑑 XaIÀx 𝑢𝑑𝑢>8 𝑑𝜃																							= 2𝜋𝜆'$𝑃"#ℎ#,2𝛽 𝑚𝑎𝑥 𝑢, 𝑑 XaIÀx 𝑢𝑑𝑢																																																= 2𝜋𝜆'$𝑃"#𝛽 1 𝑦% ≤ 𝑑 12𝑑XaI 𝑑> − 𝑦%> − 𝑑>XaI2 − 𝛼" 	−1 𝑦% > 𝑑 𝑦%>XaI2 − 𝛼" 𝐴. 4  
A proof of Theorem 2 
Theorem 2. The average ergodic rate received at tier 1 user in situation of tier 1 users 
are full-duplex relay is given by 
𝑅"#@ABCD = 𝔼IJ 1 − 𝜏 𝑇𝑙𝑛 1 + SINR"# 	= 𝑃𝑟 1 − 𝜏 𝑇𝑆𝐼𝑁𝑅"# > 𝑅F 𝑑𝑅F ¡8 	= 𝑃𝑟 𝑆𝐼𝑁𝑅"# > 𝑒  FXY Z − 1 𝑑𝑅F ¡8 	= 𝑃𝑟 𝑆𝐼𝑁𝑅"# > 𝑡F 𝑑𝑅F ¡8 𝐴. 5 	
where base on the Shannon theorem. In addition, the Laplace function generated by the 
interference from the interfered tier 1 full-duplex relay can be derived as 
ℒ¤xJ¥ 𝑠 = 𝔼¤xJ¥ 𝑒𝑥𝑝 −𝑠 𝑃"#uK 𝑔%#,2𝐿8 𝑚𝑎𝑥 𝑋n% , 𝑑 	
= 𝔼¤xJ¥ 𝔼ÁxJ,Â 𝑒𝑥𝑝 −𝑠𝑃"#uK 𝑔%#,2𝐿8 𝑚𝑎𝑥 𝑋n% , 𝑑 	
= 𝔼¤xJ¥ ℒÁxJ,Â 𝑠𝑃"#uK 𝐿8 𝑚𝑎𝑥 𝑋n% , 𝑑 	
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= 𝑒𝑥𝑝 −𝜆'$ 1 − ℒÁxJ,Â 𝑠𝑃"#uK 𝐿8 𝑚𝑎𝑥 𝑋n% , 𝑑 𝑑𝑥 	= 𝑒𝑥𝑝 −2𝜋𝜆'$ 1 − ℒÁxJ,Â 𝑠∆"# 𝑚𝑎𝑥 𝜑, 𝑑 XaI 𝜑𝑑𝜑8 	= 𝑒𝑥𝑝 −2𝜋𝜆'$ 1 − 11 + 𝑠∆"# 𝑚𝑎𝑥 𝜑, 𝑑 XaI 𝜑𝑑𝜑8 	= 𝑒𝑥𝑝 −2𝜋𝜆'$ 𝑠∆"#𝑑XaI1 + 𝑠∆"#𝑑XaI 𝜑𝑑𝜑8 	+ 𝑠∆"#𝜑XaI1 + 𝑠∆"#𝜑XaI 𝜑𝑑𝜑 	= 𝑒𝑥𝑝 −2𝜋𝜆'$ 𝑠∆"#𝑑XaI1 + 𝑠∆"#𝑑XaI 12𝑑>	
+ 𝑠∆"#𝑑 >XaI𝛼" − 2 2𝐹1 1, 𝛼" − 2𝛼" , 2 − 2𝛼" ,−𝑠∆"#𝑑XaI 𝐴. 6  
where 𝔼 𝑓 𝑥∈j = 𝑒𝑥𝑝 −𝜆 1 − 𝑓 𝑥 𝑑𝑥  based on the Hypergeometric 
[17],  
ℒ𝑔′𝑚,𝑜 𝑠∆"#𝛽 𝑚𝑎𝑥 𝜑, 𝑑 −𝛼𝑈 	= 𝑒𝑥𝑝 −𝑠∆"#𝑔′𝑚,𝑜 𝑚𝑎𝑥 𝜑, 𝑑 −𝛼𝑈8 	∙ 𝑒𝑥𝑝 −𝑔′𝑚,𝑜 𝑑𝑔′𝑚,𝑜	= 𝑒𝑥𝑝 − 1 + 𝑠∆"#𝑔′𝑚,𝑜 𝑚𝑎𝑥 𝜑, 𝑑 −𝛼𝑈 𝑔′𝑚,𝑜8 𝑑𝑔′𝑚,𝑜	= 11 + 𝑠∆"# 𝑚𝑎𝑥 𝜑, 𝑑 −𝛼𝑈 𝐴. 7  
based on 𝑔2, ℎ2~exp	(1), and 𝑠∆"#𝜑−𝛼𝑈1 + 𝑠∆"#𝜑−𝛼𝑈 𝜑𝑑𝜑 	
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= 𝜑1 + 1𝑠∆"#𝜑−𝛼𝑈 𝑑𝜑

 	
= 𝑠∆"#𝑡 1𝛼𝑈1 + 𝑡 𝑑 𝑠∆"#𝑡 1𝛼𝑈𝛼𝑈$∆IJ 	
= 𝑠∆"# >𝛼𝑈𝛼𝑈 𝑡 >𝛼𝑈XF𝑡 + 1𝛼𝑈$∆IJ 𝑑𝑡 𝐴. 8  
 
where 𝑡F = 𝑒 / FXY Z − 1 , ∆"$= 𝑃"$uK𝛽 = wIlFXY Z 𝛽 , ∆"#= 𝑃"#uK 𝛽 = wIJFXY Z 𝛽 ,RF  is 
the throughput threshold, and we can assume 
1𝑠∆"#𝜑−𝛼𝑈 = 𝑡	
𝜑 = 𝑠∆𝑈𝑚𝑡 FaI	𝑠∆𝑈𝑚𝑡 FaI > 𝑑	𝑡 > 𝑑𝛼𝑈𝑠∆"# 𝐴. 9  
then we can get the limitation of the integration.  
  The Laplace function of the interference generated by the interfered tier 2 WTDs can 
be denoted as 
ℒ¤x¥l 𝑠 = 𝔼¤xJ¥ 𝑒𝑥𝑝 −𝑠 𝑃𝑈𝑠𝐷𝐿ℎ′𝑜,𝑏𝐿0 𝑚𝑎𝑥 𝑋𝑘′ , 𝑑 	𝑠′∈𝛷𝑈𝑠∖ 𝑜 	
= 𝔼¤xJ¥ 𝔼ℎ′𝑜,𝑏 𝑒𝑥𝑝 −𝑠𝑃𝑈𝑠𝐷𝐿ℎ′𝑜,𝑏𝐿0 𝑚𝑎𝑥 𝑋𝑘′ , 𝑑 	
= 𝔼¤xJ¥ ℒℎ′𝑜,𝑏 𝑠𝑃𝑈𝑠𝐷𝐿𝐿0 𝑚𝑎𝑥 𝑋𝑘′ , 𝑑 	
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= 𝑒𝑥𝑝 −𝜆𝐵𝑠 1 − ℒℎ′𝑜,𝑏 𝑠𝑃𝑈𝑠𝐷𝐿𝐿0 𝑚𝑎𝑥 𝑋𝑘′ , 𝑑 𝑑𝑥 	= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 1 − ℒℎ′𝑜,𝑏 𝑠∆"$ 𝑚𝑎𝑥 𝑘, 𝑑 −𝛼𝑈 𝑘𝑑𝑘8 	= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 1 − 11 + 𝑠∆"$ 𝑚𝑎𝑥 𝑘, 𝑑 −𝛼𝑈 𝑘𝑑𝑘Ä 	= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑠∆"$𝑑−𝛼𝑈1 + 𝑠∆"$𝑑−𝛼𝑈 𝑘𝑑𝑘Ä 	+ 𝑠∆"$𝑘−𝛼𝑈1 + 𝑠∆"$𝑘−𝛼𝑈 𝑘𝑑𝑘 	= 𝑒𝑥𝑝 −2𝜋𝜆𝐵𝑠 𝑠∆"$𝑑−𝛼𝑈1 + 𝑠∆"$𝑑−𝛼𝑈 12 𝑑> − 𝑑8> 	
+ 𝑠∆"$𝑑 >X𝛼𝑈𝛼𝑈 − 2 2𝐹1 1, 𝛼𝑈 − 2𝛼𝑈 , 2 − 2𝛼𝑈 , −𝑠∆"$𝑑X𝛼𝑈 𝐴. 10  
where 𝔼 𝑓 𝑥∈j = 𝑒𝑥𝑝 −𝜆 1 − 𝑓 𝑥 𝑑𝑥  based on the Hypergeometric 
[17], in addition ℒℎ′𝑜,𝑏 𝑠∆"$ 𝑚𝑎𝑥 𝑘, 𝑑 −𝛼𝑈 	= 𝑒𝑥𝑝 −𝑠∆"$ℎ′𝑜,𝑏 𝑚𝑎𝑥 𝑘, 𝑑 −𝛼𝑈8 ∙ 𝑒𝑥𝑝 −ℎ′𝑜,𝑏 𝑑ℎ′𝑜,𝑏	= 𝑒𝑥𝑝 − 1 + 𝑠∆"$ℎ′𝑜,𝑏 𝑚𝑎𝑥 𝑘, 𝑑 −𝛼𝑈 ℎ′𝑜,𝑏8 𝑑ℎ′𝑜,𝑏	= 11 + 𝑠∆"$ 𝑚𝑎𝑥 𝑘, 𝑑 −𝛼𝑈 𝐴. 11  
based on 𝑔2, ℎ2~exp	(1), and 𝑠∆"$𝑘−𝛼𝑈1 + 𝑠∆"$𝑘−𝛼𝑈 𝑘𝑑𝑘 	= 𝑘1 + 1𝑠∆"$𝑘−𝛼𝑈 𝑑𝑘

 	
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= 𝑠∆"$𝑙 1𝛼𝑈1 + 𝑙 𝑑 𝑠∆"$𝑙 1𝛼𝑈𝛼𝑈$∆Il 	
= 𝑠∆"$ >𝛼𝑈𝛼𝑈 𝑙 >𝛼𝑈XF𝑙 + 1𝛼𝑈$∆Il 𝑑𝑙 𝐴. 12  
 
where 𝑡F = 𝑒 / FXY Z − 1 , ∆"$= 𝑃"$uK𝛽 = wIlFXY Z 𝛽 , ∆"#= 𝑃"#uK 𝛽 = wIJFXY Z 𝛽 ,RF  is 
the throughput threshold, and we can assume 1𝑠∆"$𝑘−𝛼𝑈 = 𝑙	
𝑘 = 𝑠∆𝑈𝑠𝑙 FaI	𝑠∆𝑈𝑠𝑙 FaI > 𝑑	𝑙 > 𝑑𝛼𝑈𝑠∆"$ 
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